Abstract-In MRI systems, RF fields are affected by the presence of the human body in the scanner causing mismatch between the RF coil and the feed cable. A power amplifier incorporating an unconventional Cartesian feedback loop is presented which works to maintain a fixed current in the RF coil against impedance variations. The performance of the system is investigated by model simulation, including stability analysis, linearity improvement and mismatch compensation. A prototype amplifier is measured to verify the model.
I. INTRODUCTION
Detuning and mismatch of RF loaded coils are serious problems for both single channel and array coils in a setup using a conventional RF power amplifier. Manual tuning is considered a time-consuming procedure, impractical for clinical applications. Several approaches have been published to address this issue. In [1] a new circuit design for automatically tuning and matching a saddle coil is presented. It is based on a balanced circuit with commercial variable capacitance diodes controlled by a computer using digital potentiometers. A novel technique of an electrically driven stand-alone automatic tuning and matching systems for RF transceiver head coil at 7T is demonstrated in [2] . In [3] an automatic impedance matching (AIM) system for multiple frequency coils is developed where an array of capacitors is remotely switched in order to tune and match the coil at two desired frequencies in either the unloaded coil condition or the loaded coil condition. In [4] a new concept of a near-magnet pulse power amplifier with built-in coil current sensing is presented. In this paper, this power amplifier now is combined with an unconventional Cartesian feedback loop to allow control of the coil current under specific limitations as we will see in this contribution. Fig. 1 shows the block diagram of the amplifier system where an MR coil is connected to a 1 kW power amplifier (PA) by a λ/4 coaxial cable. The geometry of the coil as well as several coil properties are explained in [5] . Based on the current forcing property of a quarter wave transmission line, the load current is independent of the load impedance for a given input voltage at its other end, while the load current lags the input voltage by 90
II. SYSTEM ARCHITECTURE AND SIMULATION SETUP
• . In our setup: 
where I L is the coil current, V out is the PA output voltage and Z c is the characteristic impedance of transmission line. From this we conclude that if the PA output voltage is controlled to be constant for a given input power, the coil current will keep constant as a consequence, independent of mismatch due to the patient load or due to mutual coupling. The technique chosen to control the output voltage is the Cartesian feedback loop. Our Cartesian feedback loop shown in Fig. 1 consists of: IQ-Modulator, IQ-demodulator, active filters using differential amplifiers with 1st order low pass filters, digital-toanalog converter setting the modulator operating point, phase shifter, attenuator and limiter. The pre-amplifier consists of a digitally controlled variable-gain amplifier and a monolithic amplifier stage. The power amplifier employs the BLF 188XR LDMOS field effect transistor in a balanced final stage and the MRF6V2010 transistor in a driver stage. For more details on the components and functions of the system see section VI. The Advanced Design System (ADS simulator) was used to model the entire system where each block in the diagram of Fig. 1 is represented to emulate the functionality of the real prototype components. The S-parameters for different coil and phantom configurations have been imported to ADS from EM simulations using FEM tool (Ansoft HFSS).
III. STABILITY
Loop stability is considered as a significant challenge faced by feedback loop systems. From bode diagrams for loop gain and loop gain phase, the stability margin can be obtained. The loop gain is desirable to be large as possible to reduce the residual error in the system, but is limited by the loop stability, which in turn is highly dependent on the phase response in such a way that the larger the loop gain, the smaller the phase margin is. To achieve loop stability, a low pass filter is used to limit the loop bandwidth. In the conventional Cartesian feedback loop, the local oscillator signal level for modulator and demodulator is constant, while in our case, it is constant only for the demodulator and it depends on the input power for the modulator. This leads to loop gain plots which are a function of the input power as illustrated in Fig. 2 (a) . We can observe that the loop gain level decreases with decreasing input power. This property leads to two effects: The stability margin increases by decreasing the input power, while the ability to reduce the loop error decreases. The phase margin (PM) is calculated when the loop gain approaches unity. For P in = 0 dBm: PM =100
• and for P in = -10 dBm: PM=127
• .
IV. LINEARIZATION
High power amplifiers are preferred to operate as close to saturation as possible in order to achieve high power efficiency. However, by driving the PA around its compression point, the output signal will be distorted nonlinearly. I.e., the amplitude deviates from a proportional (straight line) response and the phase deviates from a constant response creating so-called amplitude modulationtoamplitude modulation (AM-AM) distortion and amplitude modulationtophase modulation (AM-PM) distortion. This distortion is connected to a deviation of the amplifier transfer characteristic from the linear characteristic (bending). Various power amplifier linearization techniques were developed to overcome the variation in the behavior of a power amplifier. This section will discuss our Cartesian feedback technique to linearize a Class AB power amplifier which is considered as a compromise between Class A and Class B in terms of efficiency and linearity. The first step is to characterize the distortion of the amplifier without feed back loop by plotting the transfer characteristic of magnitude, phase and gain, and then observe the difference when the feedback loop is inserted. From Fig. 3 , it is obvious that Class AB behaves nonlinearly within a certain region even before it reaches the saturation level. The main objective of the Cartesian feedback is to keep the output magnitude aligned with the linear response characteristic, the output phase aligned with the input signal phase and keep the gain constant. The linearization performance of our Cartesian feedback is noticeable in Fig. 3 where we find good improvement up to the PA full saturation level.
V. COMPENSATION OF MISMATCH
Although RF coils based on microstrip transmission lines are characterized by a high transmit efficiency and receive signal-to-noise ratio (SNR), they are significantly affected by human body loading causing a considerable shift in resonance frequency. This mismatch of the loaded RF coil has negative impact on the power efficiency and SNR of the coil. This section presents the performance of our Cartesian feedback loop to stabilize the PA output voltage (and thus the coil current) against impedance variations due the loading of the coil by a phantom in various configurations. In [5] , the influence of phantom loading on the resonance frequency of our coil is presented. Fig. 4 shows how the resonance frequency is shifted when the phantom approaches the coil and the RF shield is 10 mm off from the coil ground plane, where d is the phantom distance from the coil surface.
This shift in resonance frequency will cause severe mismatch between the RF coil and the power amplifier. As a result, the output voltage measured at the power amplifier output terminal decreases as a function of phantom distance as seen in Fig. 5 , where a modulated rectangular pulse signal with maximum input power equal to 0 dBm and 5 us width is fed to the power amplifier driving it to 3 dB off from saturation level (back-off). In our MRI system, the instantaneous bandwidth of rectangular pulses does not exceed 5 kHz, and for sinc pulses does not exceed 50 kHz. Note, in cases d= 200 mm and d= 100 mm, there is only little shift in the resonance frequency leading to little deviation of the output voltage level from the level measured for a matched load termination. Mismatch impact appears not only on the magnitude of the output signal but also on the phase as shown in Fig. 6 .
The main objective of using our Cartesian feedback technique is to compensate the mismatch of the loaded RF coils at the Larmor frequency as good possible. Because the coil current is proportional to the power amplifier output voltage based on current forcing property of a quarter wave transmission line (see section II), we need to maintain the output voltage and phase at the same level as for the matched load case. By driving the power amplifier to only 3 dB back-off, the PA with integrated feedback loop exhibits limitations in the ability to correct output voltage phase and magnitude, as shown in Fig. 6 and Fig. 7 , respectively. In particular, when the load impedance at the power amplifier output decreases from the matched load level, the feedback loop has to increase the amplifier gain, which, due to saturation, is limited to the back-off level. of the loop which is dominated by the low pass filter. To evaluate the performance of our feedback loop, residual error analysis is applied. The residual error definition that we have followed is given by: e R =| x r − x a | (2) where e R is the residual error, x r is the reference value and x a is the actual value. The reference value is considered to be the value obtained by connecting a matched load. After calculating the residual errors for each case, the mean residual error is calculated for both magnitude and phase which is given by:
where e R is the mean residual error, e R is the summation of all errors and N is the number of cases. To get a meaningful value of the mean residual error for the magnitude, a percentage representation is desirable with respect to the reference value which is given by:
where E R is the percentage representation of mean residual error with respect to the reference value. Table I summarizes the values for E R calculated for the mismatch cases demonstrated in Figs. 5 and 7. It has to be noted that the compensation performance of the feedback loop could be improved by increasing back-off and loop gain. 
VI. PROTOTYPE AND MEASUREMENT
The prototype of the control part (combined with the preamplifier) of our power amplifier is shown in Fig. 8 . The input signal with maximum input power of 0dBm passes through a 25 dB attenuator before reaching the vector modulator (Analog Devices AD8345) in order to drive it in its linear region. A digital-to-analog converter (DAC) (Maxim MAX5115) which is controlled by I2C bus is used to bias the vector modulator at its quadrature inputs setting the operating point of the amplifier chain. In order to allow an increase of 3 dB in output power if needed to compensate a mismatch, the bias was set such that the maximum input power would generate 50 % of the saturated power of the PA (3 dB back-off). The vector modulator output signal drives the digitally controlled variable-gain amplifier (MAX2027) which is in turn drives the last stage of pre-amplifier (Mini Circuits PHA-1+) to end up with a maximum output power of 20 dBm. To enable the functionality of the feedback loop, either the I2C bus in combination with an 8-bit register (PCA9554) is used or a manual toggle switch is used. The enable signal controls the logarithmic amplifier (AD8309) and I/Q downconverter (HMC597) by turning them on and off. The logarithmic amplifier is used to provide the local oscillator (LO) signal for the I/Q demodulator with constant signal level independent of the input signal power. The phase adjustment of the LO is achieved by an additional vector modulator controlled by a second DAC. Table II contains the main components used to build up the Cartesian feedback loop power amplifier with model number, gain and maximum input and output levels. An on-chip RF balun in the HMC597 downconverter allows differential driving of its RF port which is utilized as a comparator between the RF reference signal (the input signal) and a sample of the RF output signal (to be controlled). In case of a matched load, the probed output voltage signal is adjusted such that the two signals are matched in amplitude and phase so that no quadrature signals are generated and the amplifier operates as if without feedback loop. Once an error appears due to mismatch or mutual coupling to active neighboring RF coils, quadrature signals are generated and pass through the active low pass filter (AD8132) with 16 dB gain and 160 kHz bandwidth before reaching the vector modulator. The vector modulator in turn increases or reduces its gain in the I-and Q-channels in such a way that the error signal is counteracted. This response is limited in particular by the operating point of the amplifier (back-off level) and by the feedback loop gain. In order to verify our simulation model, a loop gain measurement was performed at -10 dBm input power showing a good agreement with the simulated one, see Fig. 9 . A test for instability was run by shifting the probed output signal phase around 360
• . Oscillations occur as expected with antiphase at input power levels which yield a loop gain above 0 dB; however, in the case of full drive power with 0 dBm input power (10 dB loop gain), no instability was observed. The reason was verified by ADS simulation, and we concluded that oscillation can occur with lower input power level when the amplifier chain operates in the linear region but that for power levels close to saturation, compression effects in the amplifier chain can suppress oscillations to build up. VII. CONCLUSION The compensation performance of an unconventional Cartesian feedback loop power amplifier on a mismatched MRI coil for various phantom configurations has been investigated. The feedback loop gain and the back-off level of the amplifier chain are the key parameters limiting the compensation of amplifier load mismatch. With its maximum loop gain occurring at high input power levels, our Cartesian feedback loop is especially successful as a linearizer for a class AB power amplifier. Due to its particular feedback loop gain dependence on the input signal power level, potential instability is limited to medium high power levels while even in the worst case of phase inversion compression tends to stabilize the system at high power. The loop gain experimental results verify our model simulation.
